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Interfacial reactions between liquid Sn and various Cu-Ni alloy metallizations
as well as the subsequent phase transformations during the cooling were
investigated with an emphasis on the microstructures of the reaction zones. It
was found that the extent of the microstructurally complex reaction layer
(during reflow at 240C) does not depend linearly on the Ni content of the alloy
metallization. On the contrary, when Cu is alloyed with Ni, the rate of
thickness change of the total reaction layer first increases and reaches a
maximum at a composition of about 10 at.% Ni. The reaction layer is composed
of a relatively uniform continuous (Cu,Ni)6Sn5 reaction layer (a uniphase
layer) next to the NiCu metallizations and is followed by the two-phase
solidification structures between the single-phase layer and Sn matrix. The
thickness of the two-phase layer, where the intermetallic tubes and fibers
have grown from the continuous interfacial (Cu,Ni)6Sn5 layer, varies with the
Ni-to-Cu ratio of the alloy metallization. In order to explain the formation
mechanism of the reaction layers and their observed kinetics, the phase
equilibria in the Sn-rich side of the SnCuNi system at 240C were evaluated
thermodynamically utilizing the available data, and the results of the
Sn/CuxNi1-x diffusion couple experiments. With the help of the assessed data,
one can also evaluate the minimum Cu content of Sn-(Ag)-Cu solder, at which
(Ni,Cu)3Sn4 transforms into (Cu,Ni)6Sn5, as a function of temperature and the
composition of the liquid solders.
Key words: Intermetallic formation, soldering, lead-free, solidification,
kinetics, metastable solubility, reliability, phase diagram
INTRODUCTION
Manufacturing of novel portable electronic
devices with new functions and higher perfor-
mance is increasing concerns about the reliability
of such products. Additional requirements are set
by the implementation of lead-free materials,
which demand careful consideration of compatibil-
ity between dissimilar materials for attaining high
yield and reliability of lead-free equipment with an
economically acceptable level of reliability testing.
Therefore, especially under mechanical shock
loading, where the strain-rate hardening of the
solder material forces cracks to propagate in the
intermetallic layers, the role of interfacial inter-
metallic reactions as well as microstructural evo-
lution in solder interconnections becomes more
prominent.1–3
The formation of intermetallic compounds (IMCs)
in the solid state (during high-temperature ann-
ealing or thermal cycling) has been reported exten-
sively in numerous publications, where it has been
stated that solid-state diffusion is the rate-limiting
step in IMC formation.4–12 On the other hand,
during reflow soldering, metal atoms from the
components and/or printed circuit boards (PCBs)
dissolve rapidly into the liquid solder and the IMC
formation occurs very quickly. However, what really
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happens within the first few seconds of soldering is
not yet known unambiguously. For example, a
detailed study of the microstructures of the regions
next to the Sn/Cu interface revealed numerous
tubes and bundles of Cu6Sn5 fibers inside the solder
matrix, the formation of which has not been clari-
fied.13
In a few recent publications14–20 the formation of
intermetallic layers between Cu-bearing lead-free
solders and a Ni substrate or between Ni-bearing
lead-free solders and a Cu substrate have been
explained by making use of the diagram proposed by
Lin et al.21 On the other hand, Hsu et al.22 and
Wang and Liu23 used an earlier preliminary version
of the Sn-Cu-Ni isothermal section24,25 to explain the
formation of (Cu,Ni)6Sn5 in soldering reactions be-
tween Cu-alloyed Sn-Ag solders and a Ni substrate
as well as in the Ni/Sn-3.5Ag/Cu sandwich structure.
However, the authors did not consider either the
supersaturation of the solder with dissolved Cu and
Ni atoms or the existence of the metastable solubility
limit. In addition, the effect of temperature change
on local equilibria at the interfaces was not taken
into account. The published results show slightly
different values related to the minimum amount of
Cu in Sn-based solders which is required to change
the primary intermetallic compound from (Ni,-
Cu)3Sn4 to (Cu,Ni)6Sn5 between the solder and Ni
metallization.14–23 For example, Alam et al. pre-
sented that after 20 min annealing of Sn-3.5Ag-
0.5Cu (wt.%) on Ni/Au metallization at 240C the Cu
content of the liquid has decreased to 0.2 wt.%, and
that was the reason why (Ni,Cu)3Sn4 started to form
between Ni and (Cu,Ni)6Sn5.
26 Hsu et al. annealed
the binary liquid SnCu solders on Ni/Ti thin-film
metallization at 250C for different periods of time
up to 20 min.22 They reported that already after 30 s
a layer of (Ni,Cu)3Sn4 was formed at the interface
when using Sn-0.6Cu (wt.%) solder and that the
higher Cu-contents resulted in the formation of
(Cu,Ni)6Sn5.
22 Wu et al. reported the formation of
(Cu,Ni)6Sn5 in the reaction between Ni/Au metalli-
zation and Sn-3.0Ag-0.5Cu wt.% solder when a peak
reflow temperature of 250C and time of 75 s were
used.16 Ho et al. studied the reactions between Ni
and Sn-Ag-Cu solders at 250C.15 The Ag content
was fixed at 3.9 wt.%, Cu content varied between
0.0 wt.% and 3.0 wt.%, and the soldering times used
were from 10 min to 25 h. They found out that when
the Cu content was 0.2 wt.% or less, (Ni,Cu)3Sn4 was
the only phase to form. On the other hand, when the
Cu content was 0.6 wt.% or higher, (Cu,Ni)6Sn5 was
the only reaction product. When the Cu content was
0.4 wt.%, continuous (Ni,Cu)3Sn4 was formed with a
small amount of discontinuous (Cu,Ni)6Sn5 particles
on the top. With Sn-3.9Ag-0.5Cu (wt.%) both inter-
metallics were formed as continuous layers, but the
(Ni,Cu)3Sn4 was very thin.
15 Chen et al. studied
interfacial reactions between binary Sn-Cu solders
and Ni at 250C for 10 min and 25 h.14 The Cu
contents used were 0.2 wt.%, 0.4 wt.%, 0.7 wt.%,
and 1 wt.%. The results were similar to those of Ho
et al.15 With Sn-0.2Cu (wt.%) solder (Ni,Cu)3Sn4
and with Sn-0.7Cu (wt.%) or Sn-1.0Cu (wt.%)
(Cu,Ni)6Sn5 were the only phases to form. When
Sn-0.4Cu was used as the solder, both intermetallic
layers were formed.14
The purpose of the present article is to study
experimentally and theoretically the formation of
interfacial reaction layers and related microstruc-
tures in solder interconnections. Since the most
potential Pb-free solders are high-Sn alloys and Cu
and Ni are generally used in metallizations, espe-
cially in high-density assemblies, it is of interest to
study the ternary Sn-Cu-Ni system. The phase
relations in the Sn-Cu-Ni system has been studied
experimentally at soldering temperatures by
Obernsdorf13 as well as by Lin et al.21 Their phase
diagrams differ to some degree with regard to the
solubility of a third element (i.e., Cu or Ni) to the
binary intermetallics as well as to the existence of
ternary intermetallic compound 44Sn27Cu29Ni
(at.%).13 These issues were taken into account dur-
ing the modeling of the high-Sn section of the
Sn-Cu-Ni system at typical reflow temperatures.27
The interfacial reactions are studied experimentally
by employing the Sn/CuNi, SnCu/Ni, and SnNi/Cu
reaction (diffusion) couples. Especially, the effect of
Ni content in the Cu metallization on the interfacial
reactions with liquid Sn is studied in detail. Fur-
ther, based on the evaluated thermodynamic data,
the interfacial reactions between Cu-bearing lead-
free solders and Ni metallizations, as reported also
by various authors, are discussed, by taking into
account the supersaturation of the liquid solder,
metastable solubility limits, and the effects of
temperature on the local equilibria. Finally, the
basis for evaluating the effect of additional ele-
ments on the interfacial reactions between liquid
Cu-containing solder and Ni is provided.
MATERIALS AND METHODS
Cu-Ni substrate alloys with the following Ni
contents: 2.5, 5, 7.5, 10, 12.5, 15, 25, 37.5, 50, and 75
(at.%), were prepared by melting pure (99.99%)
metals in quartz tubes under vacuum and annealing
them more than 50C above the liquidus of each
alloy for 15 min. The alloys were cold-rolled to a
thickness of 0.5 mm and then annealed at 700C for
8 h to achieve uniform composition. Subsequently,
the strips were cut into 5 · 20 mm2 strips, the sur-
faces of which were ground and polished. The
reaction couple experiments were carried out in a
stainless-steel crucible by immersing the Cu, Ni,
and CuNi alloy strips into a high-purity (99.99%)
liquid (T = 240C) Sn bath. To obtain additional
data needed for evaluating the phase equilibria,
several ternary Sn-Cu-Ni alloys and diffusion cou-
ples were annealed at temperatures from 125C to
320C for different periods of time (up to 13,000 h).
After the annealing and standard metallographic
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preparation, the cross sections of the liquid/solid
reaction couples were examined with optical
microscopy (Olympus B20) and scanning electron
microscopy (SEM)/energy-dispersive spectroscopy
(EDS) technique (Jeol 6335F/Oxford INCA). The
thermodynamic description of the Sn-rich part of
the Sn-Cu-Ni system was carried out by using the
binary systems Ni-Cu,28 Sn-Cu,29 and Sn-Ni30 as
well as the published experimental isothermal sec-
tions at 235C and 240C.13,21
On the Phase Equilibria in the Sn-Cu-X System
Thermodynamics of materials provides funda-
mental information both on the stability of phases
and on the driving forces for chemical reactions and
diffusion processes, even though the complete phase
equilibrium is hardly ever met in electronics appli-
cations. However, stable or metastable local equi-
libria are generally attained at interfaces, which
provides a feasible method—together with kinetic
information—for analyzing the interfacial reactions
in solder interconnection systems. This approach,
which makes use of the tie lines of binary and ter-
nary phase diagrams as well as the stability dia-
grams, is becoming increasingly important when
studying interconnections under continuous micro-
structural evolution. For this purpose the special
concept of the local nominal composition (LNC) in
the effective joint region can be utilized.31
The phase equilibria in solder or solder-substrate
systems (as in any system) are computed by first
summing up all the Gibbs (free) energies of indi-
vidual phases (i.e., solutions and compounds) and
then minimizing—according to the second law of
thermodynamics—at constant temperature and























where y is the relative amount of a phase /, and xi
is the mole fraction of component i in the system.32
The parameters G0i in Eq. 1 represent the partial
molar Gibbs energies or chemical potentials of
the pure components and are taken from the Sci-
entific Group Thermodata Europe (SGTE) data-
bank28 and from the literature.33 GEm is the excess
molar Gibbs energy taking into account the inter-
actions of the constituents in all the phases to be
modeled.
The two-phase equilibrium between liquid Sn rich
solution and the intermetallic compound (Cu,X)6Sn5
is of great technological interest in solder-substrate
systems. It can be computed thermodynamically
from the assessment of the ternary systems. Even
though more complicated models are used in the
calculations in this article, simple thermodynamic
models can be used to show how the calculation is
performed in principle and what are the most sig-
nificant parameters. The lattice ratio of Cu6Sn5 is
practically constant. If we assume that the third
element, say Ni atoms, occupies the Cu sublattice
sites randomly, the ternary intermetallic compound
can be regarded as a binary regular solution phase
(Cu,Ni)6Sn5 composed of Cu6Sn5 and Ni6Sn5
components. Then the molar Gibbs energy of the
(Cu,Ni)6Sn5 (=IMC) will be
GIMCm ¼ ð1  yÞG0Cu6Sn5 þ yG0Ni6Sn5
þ aRT y ln y þ ð1  yÞ lnð1  yÞ½ 
þ ayð1  yÞIIMCCu;Ni;
(2)
where y is the site fraction of Ni atoms in the Cu
sublattice, G0Cu6Sn5 is the standard molar Gibbs
energy of Cu6Sn5, G
0
Ni6Sn5 is the standard molar Gibbs
energy of the hypothetical component Ni6Sn5, a
(= xCu + xNi ” 6/11) is the number of substitutional
sites in the Cu sublattice and IIMCCu;Ni is the interaction
parameter between Cu and Ni in the IMC, which can
depend on composition and temperature. The chem-
ical potentials of Cu6Sn5 and Ni6Sn5 components in
(Cu,Ni)6Sn5 are therefore presented as
lCu6Sn5 ¼ l0Cu6Sn5 þ aRT ln 1  yð Þ þ aIIMCCu;Niy2 and
lNi6Sn5 ¼ l0Ni6Sn5 þ aRT ln y þ aIIMCCu;Ni 1  yð Þ2: ð3Þ
The condition for the two-phase equilibrium
between Sn-rich liquid and (Cu,Ni)6Sn5 will be
alLCu þ 1  að ÞlLSn ¼ lCu6Sn5 and
alLNi þ 1  að ÞlLSn ¼ lNi6Sn5
(4)
Because the solubility of both Cu and Ni in liquid
Sn is limited, Sn-rich liquid is dilute (xLSn  1;
1  xLCu  1; 1  xLNi  1) and can be described by a
regular solution model, and therefore the chemical
potentials in Eq. 4 can be calculated as
lLCu  l0;LCu þ RT ln xLCu þ ILSn;Cu and
lLNi  l0;LNi þ RT ln xLNi þ ILSn;Ni;
(5)
where l0;LCu and l
0;L
Ni are the standard chemical
potential of pure liquid Cu and Ni, ILSn;Cu and I
L
Sn;Ni
are the interaction parameters in liquid. By
assuming that all the interaction parameters are
constant the Eqs. 2–5 will lead to the distribution


















Q  G0Cu6Sn5  G0Ni6Sn5
  a l0;LCu  l0;LNi
 
 ILSn;Cu  ILSn;Ni
 
þ aIIMCCu;Ni 2y  1ð Þ:
(6)
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The values of the variables in the equations given
above can be obtained by fitting the regular solu-
tion models (both (Cu,Ni)6Sn5 and liquid) with the
calculated Gibbs energies in certain composition
and temperature ranges, by using the thermody-
namic assessment of the Sn-Cu-Ni system. The
detailed information can be found in Ref. 27
As stated above, the local equilibrium condition is
generally fulfilled in soldering systems. This means
that, although the chemical potentials (or activities)
of the components have the same value at the
interface (local equilibrium), there are activity gra-
dients in the adjoining phases. These gradients
provide the driving force for the formation and
growth (diffusion) of the various phases. Therefore,
even if detailed kinetic data are not available, the
impossible sequences of reaction products can be
ruled out by utilizing the mass balance requirement
together with the fundamental condition that no
atom can diffuse intrinsically against its own
activity gradient.34 These can, in turn, be calculated
from the assessed thermodynamic data.
RESULTS
When studying the formation of intermetallic
compounds with the help of Sn/Cu-Nix alloy diffu-
sion couples, microstructurally and kinetically
interesting behavior was observed. Figure 1 shows
how the average thickness of the reaction layer
varies as a function of the Ni content of the binary
substrate alloy immersed in molten Sn for 10 min at
240C. The alloys with Ni content of about 10 at.%
exhibit the fastest reaction rate, which is many
times higher than those obtained with pure Cu
or Ni. Similar results were obtained when the
(Cu,Ni)6Sn5 layer was formed in the reaction
between Sn-rich solders and Sn-Cu-Ni alloys.35 In
addition, the reaction zone is composed of two dif-
ferent morphologies. A continuous uniform layer of
the intermetallic compound (uniphase) can be
observed in contact with the Cu-Ni alloy. On the top
of the uniphase layer there is a two-phase layer
containing IMC needles and fibers, which are
embedded in the Sn matrix. The thickness of the
two-phase layer is strongly dependent on the com-
position of the alloy (i.e., the Cu-to-Ni ratio). In the
samples with a high reaction rate the reaction layer
is mainly composed of the two-phase layer and the
thickness varies considerably.
Figure 2a–d shows the typical microstructures of
the reaction layers when high-purity Cu, Cu-Ni
alloys with two different Ni contents (2.5 at.% and
15 at.%), and high-purity Ni were immersed in
molten Sn for 10 min at 240C. In the case of the
97.5Cu-2.5Ni alloy (Fig. 2b), the thickness of the
intermetallic layer is relatively small but the mor-
phology differs slightly from that normally observed
in the Sn-Cu system (see Fig. 2a). As can be seen
from Fig. 2d, the thickness of the (Ni,Cu)3Sn4 is
very small. On the other hand, in the case of the
85Cu-15Ni alloy the thickness of the layer is
remarkably large and the morphology of the inter-
metallic layer differs from the typical scallop-like
appearance of Cu6Sn5. The layer clearly exhibits
two different morphologies: a uniphase layer next to
the substrate followed by a two-phase zone. More-
detailed SEM observations revealed that the second
layer is composed of IMC tubes embedded in the Sn
matrix (see Fig. 3, which is from the same sample as
in Fig. 2c but more heavily etched). The corre-
sponding microstructures containing the same fea-
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Fig. 1. Reaction layer thickness of different Sn/Cu-Ni diffusion
couples at 240C.
Fig. 2. (a) Pure Cu/Sn, (b) 97.5Cu-2.5Ni/Sn, (c) 85Cu-15Ni/Sn, and
(d) pure Ni/Sn (higher magnification) diffusion couples annealed at
240C for 10 min.
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solder alloy, have also been reported elsewhere.13
The two-phase structure can be seen more clearly in
Fig. 4b, where the sample was annealed at 240C
for 60 min. The thickness of the uniphase layer is
the same after 10 min and 60 min immersion.
However, the thickness of the two-phase layer has
increased markedly. On the other hand, when the
sample was annealed for only 1 min at 240C
(see Fig. 4a), the uniphase is clearly observable but
the two-phase layer is very thin.
The chemical microanalyses of the Sn/Cu-Nix dif-
fusion couples indicates that the intermetallic phase
(both the uniphase and the IMC needles in the two-
phase layer) is (Cu,Ni)6Sn5. The structure of this
phase corresponds to the binary Cu6Sn5 compound
where Ni atoms have substituted some of the Cu
atoms, as also reported by other authors.15,36–38 There
are some variations in the Cu-to-Ni ratio of the
intermetallic compounds with the different substrates
studied. Typically, the Cu-to-Ni ratio was close to (or
slightly more Ni than) that of the base alloy. The
existence of the (Cu,Ni)6Sn5 compound and solubil-
ity even up to 50 at.% of Ni in the Cu sublattice at
220C has also been reported.7 Moreover, a ternary
44Sn27Cu29Ni phase has also been identified at
240C.13 However, the growth kinetics of the stable
ternary 44Sn27Cu29Ni compound is very slow, and
therefore during the relatively short periods of time
used in soldering only metastable (Cu,Ni)6Sn5 com-
pounds of different Cu-to-Ni ratios can form.
On the basis of these results, together with
the results from the long-term diffusion couple
experiments, as well as other published informa-
tion,7,13,21,35,39 a metastable isothermal section
(Fig. 5) of the Sn-Cu-Ni system can be constructed at
240C. This metastable diagram does not include
either the solid miscibility gap in the binary Cu-Ni
system or the ternary 44Sn27Cu29Ni compound (s)
observed at this temperature. The position of the
possible s-phase is marked with a gray dot (Fig. 5).
The phase equilibria in the CuNi-rich side of the
system at temperatures below 300C are not well
known because of the extremely low diffusion and
reaction kinetics.7,13 The phase separation between
Cu3Sn and Ni3Sn is observed at higher tempera-
tures40,41 and the thermodynamic assessment shows
that the high-temperature phases can be stable at
these temperatures in the ternary region.27,42 How-
ever, these phases/compounds were not observed in
the diffusion couples, except when very long
(>1000 h) annealing times were used. Therefore, the
phase equilibria in this area are drawn with dashed
lines. The (Cu,Ni)6Sn5 and (Ni,Cu)3Sn4 intermetal-
lics can be considered as line compounds, since they
exist in narrow composition ranges in the binary
systems. The results presented by Lin et al. indicate
that the solubilities of Cu in Ni3Sn4 and Ni3Sn2 are
10 at.% and 36.5 at.%, respectively.21 On the other
hand, Oberndorf reported smaller solubility values
of 7 at.% and 11 at.% to 17 at.%.13
Fig. 3. 85Cu-15Ni/Sn diffusion couple annealed at 240C for 10 min.
More heavily etched than Fig. 2c.
Fig. 4. 85Cu-15Ni/Sn diffusion couple annealed at 240C for (a)
1 min and (b) 60 min.
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DISCUSSION
Differing markedly from solid-state diffusion
couples, in which the growth of an intermetallic
layer is slow, the formation of reaction layers can be
very rapid if one of the contact materials is in a
liquid state. In the latter case the dissolution rate of
a solid metal in liquid solder has a significant effect
on the growth kinetics of intermetallic compounds.
In some liquid solder/conductor systems the inter-
metallic compound layers have been observed to
build up within seconds,43 and thus the nucleation
and growth of intermetallic compounds has to occur
by some other mechanism than those that are
operative in solid-state diffusion.
On the basis of the results presented above it
seems evident that intermetallic compounds form
by chemical reaction between dissolved metal atoms
and the most active component atoms of solder (the
highest Gibbs energy of formation) as well as by
solidification from the supersaturated liquid. The
reactions occur on substrate (conductor) metal,
which provides a catalytic surface. After the initial
formation of the intermetallic reaction layer from
locally supersaturated liquid further growth can
occur during the cooling, as observed in the Au-Sn
system.44
Phase Equilibria and Reactions
in the Sn-Cu-Ni System
To explain the kinetic and microstructural
observations presented above detailed information
about the local phase equilibria, especially close to
the Sn-rich corner of the diagram (see Fig. 6), is
required. The one-phase liquid region (on the
bottom left) is bordered by the two-phase regions
[(Ni,Cu)3Sn4 + Liq] and [(Cu,Ni)6Sn5 + Liq]. The
two-phase boundaries intersect at the apex of
the three-phase triangle denoted by the point O.
The position of this point as a function of tempera-
ture is especially important and will be discussed in
detail later on. During the short soldering period,
the composition of the molten solder changes along
the contact line from the liquid Sn to the original
85Cu-15Ni alloy shown in Fig. 6. The dashed curve
cutting the contact line at the point Q indicates the
metastable solubilities of Cu-Ni alloys in liquid Sn.
This metastable curve was calculated by suspending
all the intermetallic phases as discussed in Ref. 44.
Hence, the composition of the liquid in local meta-
stable equilibrium with solid Cu-Ni metallization is
determined by the metastable solubilities of the Cu
and Ni atoms. These solubility values, which are
determined by mutual interactions of the atoms in
the liquid, also establish the maximum driving
forces for the formation of solid (Cu,Ni)6Sn5 or
(Ni,Cu)3Sn4 intermetallics, as well as have signifi-
cant effect on the mobilities of the Cu and Ni atoms
in the liquid solder. Therefore, the thickness of the
intermetallic compound(s) formed within the first
few seconds is dependent on the metastable solu-
bilities and the mobilities of the atoms in the liquid.
When the local metastable solubility denoted
by the intersection point Q (in Fig. 6, see Table I)
is reached at the interface, the solid (Cu,Ni)6































Fig. 6. Sn-rich corner of the optimised metastable phase diagram at
240C. The contact line (from pure Sn to the original 85Cu-15Ni


























Fig. 5. Calculated metastable equilibria of the Sn-Cu-Ni system at
240C. The position of the possible s-phase is marked with a gray
dot. The phase equilibria in the CuNi-rich side of the system at low
temperatures are not well known and are therefore drawn with
dashed lines.
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metallization. The composition of the (Cu,Ni)6Sn5
reaction layer and that of the liquid (point P in
Fig. 6, see Table I) in local equilibrium with the
reaction layer can be read from the ends of the tie
line passing the point Q. Since the diffusion of Cu
and Ni atoms in the solid reaction layer, i.e., the
uniphase layer, is very slow, the thickness of the
initially formed (Cu,Ni)6Sn5 layer is controlled by
the amounts of Cu and Ni atoms available on the
liquid side of the interface.
In order to explain the increase in the thickness of
the intermetallic layer when Cu is alloyed with Ni,
the effect on the dissolution rate and solubility must
be considered. As can be seen from Fig. 6, according
to the thermodynamic assessment both the stable
and metastable solubilities are reduced with the
addition of Ni to Cu. In order to obtain data about
the dissolution rate, a few experiments were per-
formed which compared the amount (thickness)
of dissolved metallization between pure Cu and
Cu-12.5Ni as a function of time. The immersion
times in liquid Sn (T = 240C) that were used were
1 min, 10 min, and 30 min. As can be seen from
Fig. 7, the thickness of the Cu6Sn5 layer is almost
the same in all samples with pure Cu (left), but
changes drastically when the Cu-12.5Ni alloy is
used (right). So even after 30 min the thickness of
the pure Cu6Sn5 is only about 1 lm, while that of
the (Cu,Ni)6Sn5 is almost 10 lm. On the other hand,
as much as about 200 lm of Cu has dissolved from
Cu to liquid Sn during the 30 min of immersion (see
Fig. 8a). It is to be noted that a relatively large
volume of liquid Sn (200 g) was used in order to
prevent saturation. Figure 9 shows the measured
(see Fig. 8b) average dissolution rates of pure Cu
and Cu-12.5Ni as a function of time. Although the
IMC thickness is much greater when using the
Table I. Calculated Compositions of Points O, P,







Point O 0.80 0.19
Point P 1.05 0.12
Point Q 1.30 0.23
Fig. 7. Intermetallic layers in pure Cu/Sn (left) and 87.5Cu-12.5Ni/Sn (right) diffusion couples annealed at 240C for 1 min (top), 10 min (middle),
and 30 min (bottom).
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Cu-12.5Ni alloy, the dissolution rate is clearly lower
than that of pure Cu. The effect of saturation can be
seen from Fig. 10 (Cu-12.5Ni/Sn at 240C for
30 min), where the reaction layer is considerably
higher at the solder meniscus than further from the
surface of the bath.
During the cooling of the liquid, the reactions
depend primarily on the composition of the liquid
next to the (Cu,Ni)6Sn5 uniphase layer. For example,
in the diffusion couple between the liquid Sn and
85Cu-15Ni metallization the primary (Cu,Ni)6Sn5
crystals nucleate on and grow from the (Cu,Ni)6Sn5/
liquid interface, generating long intermetallic nee-
dles or solder-filled tubes, which constitute, together
with the Sn matrix, the two-phase reaction layer as
seen in Fig. 3. Using the optimized thermodynamic
data, the evolution of different phases in the alloy
system with composition P (see Fig. 6) can be eval-
uated as a function of temperature. The results of
the calculations presented in Fig. 11a–d show that,
due to the low solubility of Ni in liquid Sn, the
solidification starts with the formation of (Cu,
Ni)6Sn5 at about 231C and then continues by
simultaneous formation of (Cu,Ni)6Sn5 and bct-Sn
[Liq + (Cu,Ni)6Sn5 ﬁ bct-Sn + (Cu,Ni)6Sn5] bet-
ween 229C and the eutectic temperature of the
binary Cu-Sn system, as can be seen from Fig. 11a.
It is also to be noted that, as the solubility of Ni in
solid Sn is very small and the Ni content of the liquid
approaches zero during cooling, all the dissolved Ni
atoms should be incorporated into (Cu,Ni)6Sn5. On
the other hand, if the Ni content of the supersatu-
rated liquid beside the IMC is different from that
indicated by point P, the solidification path will
change as will be discussed later on.
It is obvious that, the longer the CuNi metalliza-
tion is immersed in the liquid, the more Cu and Ni
atoms can dissolve. Therefore, the two-phase reac-
tion layer is much thicker with longer immersion
times. On the other hand, when the contact line (for























Fig. 9. Measured average dissolution rates of pure Cu and
Cu-12.5Ni in liquid Sn at 240C as a function of time.










Fig. 8. (a) Amount of dissolved Cu after 30 min immersion in Sn at 240C (tilted 90 degrees clockwise), and (b) schematic representation of the
measurement setup.
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right-hand side (Fig. 6), the Ni-to-Cu ratio is high
enough for the formation of a thin (Ni,Cu)3Sn4 lay-
er, instead of (Cu,Ni)6Sn5. Another parameter that
has a significant effect on both the morphology and
the thickness of the intermetallic reaction layer is
the cooling rate. The results presented above were
obtained from samples where the cooling rate was
high, i.e., the metal strips were removed from the
solder bath and only a small amount of liquid Sn,
containing some dissolved Cu and Ni, was left on
the surface of the strips. Therefore another set of
experiments was carried out in which the metal
strip was allowed to cool down in the solidifying Sn
bath. Two different relatively slow cooling rates
(after 10 min immersion) from 240C down to 225C
were used (4C/min and 1.3C/min). It is to be noted
that because of the slow cooling rates the total times
above liquidus were about 12 min and 16 min,
respectively, and therefore the thickness of the
reaction layers is not comparable to the results
presented above.
As can be seen from Fig. 12, the interfacial
microstructure after slow cooling (1.3C/min) is very
uneven. On the Sn side, close to the reaction layer,
the microstructure is composed of eutectic-type
regions between Sn crystals. When comparing the
microstructures between pure Cu and Cu-12.5 Ni
after 10 min immersion in liquid Sn at 240C and
cooling at the rate of 4C/min (i.e., total liquid time
about 12 min), it can clearly be seen (see Fig. 13a–f)
that there are marked differences. First, the eu-
tectic-type structure (IMC crystals embedded in Sn
matrix) can be observed further from the interface
with pure Cu than Cu-12.5Ni. In order for this to be
seen more clearly, a dashed red line is drawn in
Fig 13a and b. Secondly, the amount of eutectic
structure near the interface is higher with pure Cu
than with Cu-12.5Ni (see Fig. 13c and d). These
facts support the findings above that (i) the disso-
lution rate of pure Cu is higher than that of
Cu12.5Ni and (ii) Cu concentration evens out more
rapidly in the liquid Sn when Ni is absent. Finally,
as expected, the total reaction layer thickness is
considerably higher with Cu-12.5Ni (see Fig. 13e
and f). On the contrary, the uniphase layer has
about the same thickness in both samples. On the
basis of these results the following conclusions can
be drawn (i) due to the strong mutual interaction
between Cu, Ni, and Sn in the liquid the dissolving
Cu and Ni atoms remain close to the solid-liquid
















































































































Fig. 11. (a) Relative amount of phases during cooling when the nominal composition is Sn-1.05Cu-0.12Ni (at.%), i.e., point P in Fig. 6, (b)
liquidus projection from the Sn-rich corner of the Sn-Cu-Ni system, and (c,d) isothermal sections from the Sn-rich corner of the Sn-Cu-Ni system
one degree above (230.5C) as well as below (228.5C) the ternary point U (L + Ni3Sn4 ﬁ Cu6Sn5 + Sn), respectively.
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interface and this enables the formation of a thick
two-phase reaction layer and decreases the driving
force for dissolution because of supersaturation, (ii)
with the pure Cu/Sn reaction couple the Cu atoms
migrate further away from the original interface
and the local supersaturation is not high enough for
the formation of the thick two-phase layer or for the
dissolution to slow down significantly. This, in turn,
leads to the higher amount of IMC precipitates in
front of the much thinner two-phase layer as can be
seen from Fig. 13a, c, and e.
Critical Cu Content in Reactions Between
Sn-rich Solders and Ni Metallizations
The thermodynamic-kinetic approach can also be
used for predicting the intermetallic reaction prod-
ucts in Cu-containing lead-free solders with Ni
metallizations. Figure 14 shows the Sn-rich corner
of the isothermal section of the Sn-Cu-Ni phase
diagram at 250C. For the sake of simplicity it is
presented here in weight percentages and the tie
lines are left out. If the Cu content of the solder is
less than 0.4 wt.% (indicated with a), the contact
line intersects the metastable solubility curve in the
Liq + (Ni,Cu)3Sn4 two-phase region (indicated with
b) and therefore (Ni,Cu)3Sn4 nucleates at the
Ni/solder interface. However, if the Cu concentra-
tion is larger than 0.6 wt.% (indicated with c), the
intersection point d is in the Liq + (Cu,Ni)6Sn5 two-
phase region and so (Cu,Ni)6Sn5 must be the first
intermetallic phase to form. When the Cu content in
Sn-rich solder is near 0.5 wt.% as Ni atoms start to
dissolve into solder containing Cu, the supersatu-
ration causes the liquid to become local equilibrium
with both (Cu,Ni)6Sn5 and (Ni,Cu)3Sn4 (i.e., meta-
stable solubility line inside the three-phase triangle)
and thermodynamically either of these can form at
the interface. However, when the temperature is
not constant (as in soldering) the phase equilibria
will change as a function of temperature. These
changes can be examined with the help of Fig. 15, in
which the apex of the three-phase triangle, i.e., the
critical Cu content of the solder, is presented as a
function of temperature. The dark gray (below
invariant temperature) and light gray areas (below
liquidus lines) in Fig. 15 indicate the solid and
solid + liquid areas, respectively; above (to the left
of) the dotted line the primary intermetallic is
(Cu,Ni)6Sn5 and below (to the right of) it the pri-
mary intermetallic is (Ni,Cu)3Sn4. The circles
[(Cu,Ni)6Sn5] and squares [(Ni,Cu)3Sn4] represent
the experimental results performed to verify and
reoptimize the movement of the apex of the three-
phase triangle (point O, at Fig. 14) as a function of
temperature. It is clear that the reoptimized data
(dashed line) is more consistent with the experi-
mental results than the original data (dotted
line,27), especially at temperatures below 280C. For
example, when the Cu content of the solder is
0.4 wt.% and the peak reflow temperature is 250C,
(Ni,Cu)3Sn4 will form first, but when the tempera-
ture decreases below 240C (Cu,Ni)6Sn5 becomes in
local equilibrium with the solder. This can also be
seen from Fig. 16, which shows how the primary
intermetallic (with constant Cu content) is changed
from (Cu,Ni)6Sn5 to (Ni,Cu)3Sn4 when the temper-
ature is increased. It is to be noted that, owing to the
large amount of solder, alloy changes in nominal
composition (Cu content) are not expected. It is
interesting to note that the IMC thickness is
clearly reduced when it is changed from (Cu,Ni)6Sn5
to (Ni,Cu)3Sn4, even when the temperature is in-
creased. On the other hand, it seems that the
interface between Ni and IMC is more uneven when
the composition is near to the equilibrium curve.
Therefore it can be concluded that the effect of
temperature on the critical Cu composition is sig-
nificant and thus it is now possible to explain the
(Cu,Ni)6Sn5 precipitates on the top of the (Ni,
Cu)3Sn4 observed in Refs.
14,15,18,19 when the Cu
content of the Sn-Ag-Cu solder was 0.4 wt.%. As can
be seen from Fig. 17, a similar trend can also be
observed if the temperature is kept constant
(T = 240C) and the Cu content is reduced.
Effect of Alloying Elements on the Critical
Cu Content
The addition of other alloying elements may
change the critical Cu content for (Cu,Ni)6Sn5
formation. Ho et al.15 suggested that the existence
of Ag in the Sn-Ag-Cu solder does not have any
effect, since it dissolves in neither (Ni,Cu)3Sn4 nor
(Cu,Ni)6Sn5. This is only partly true, because the
Fig. 12. Interfacial microstructures from Cu-12.5Ni/Sn diffusion
couple, slow cooling (1.3C/min).
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activities of the elements, not only in the compounds
themselves but also in a liquid in (local) equilibrium
with the compounds, determine the relative stabil-
ities of (Ni,Cu)3Sn4 and (Cu,Ni)6Sn5. In order to
demonstrate this, we collected the liquid parame-
ters available in the literature for the Sn-Cu-Ni-Ag
system and calculated the critical Cu content. As
shown in Fig. 18, the critical Cu content decreases
from 0.43 wt.% to 0.36 wt.% Cu with the addi-
tion of Ag to the liquid solder. Bismuth is another
much-used alloying element in lead-free solders.
If we add, say, 3 wt.% Bi to the liquid alloy the
critical composition of the liquid further decreases
to 0.32 wt.% Cu. This means that both Ag and Bi
should reduce the critical Cu content and their
combined effect could be up to 25% in commercial
lead-free alloys generally used in industry, even
though they do not dissolve in either of the com-
pounds. As for other alloying elements, their influ-
ences on the activities of components in both liquid
and intermetallic compounds should be taken into
account; this is an interesting subject for future
studies.
CONCLUSIONS
Interfacial reactions between liquid Sn (as well as
Cu or Ni-alloyed Sn-Ag solders) and Cu, Ni, or
various Cu-Ni alloy metallizations were rationalized
with the help of microstructural characterization
Fig. 13. Interfacial microstructure after 10 min at 240C and slow (4C/min) cooling of the pure Cu/Sn (left) and Cu-12.5Ni/Sn (right) diffusion
couples.
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techniques and thermodynamic modeling of the
interconnection system in order to have a better
understanding of the formation of complex reaction
zones in solder/conductor systems. The following
results were obtained: (i) firstly, it was discovered
that the formation of the reaction layers during
soldering at 240C does not depend linearly on the
Ni content of the Cu-Ni alloy metallization. Instead,
when Cu is alloyed with Ni, the rate of growth of the
thickness of the total reaction layer increases,
reaching its maximum at a composition of about
10 at.% Ni. With higher Ni contents, the thickness
of the reaction layer starts to decrease and attains a
very low value with pure Ni. The reaction layer is
composed of a relatively uniform (Cu,Ni)6Sn5 reac-
tion layer (or uniphase layer) next to the CuxNi1-x
metallizations and a microstructurally more com-
plex two- or three-phase layer between the uniphase
layer and the Sn matrix. It is argued that because of
the strong interaction between Ni and Sn atoms the
presence of Ni slows down the migration of Cu and
Ni atoms in the liquid. This is consistent with the
experimental results about the effect of Ni on the
solubility rates and leads to the situation where
both dissolving components (Cu and Ni) stay rela-
tively close to the solid/liquid interface instead of
diffusing further into the liquid as in the case of the
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Fig. 15. Calculated critical Cu content in liquid Sn to change the
interfacial reaction product from (Ni,Cu)3Sn4 to (Cu,Ni)6Sn5, as a
function of temperature together with the experimental points. Origi-
nal data42 with dotted line and reoptimized data with dashed line.
Fig. 16. Sn + 0.5 wt.% Cu/Ni diffusion couples annealed at (a)
240C, (b) 250C, (c) 260C, (d) 270C, and (e) 300C for 60 min.
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solid base metal becomes highly supersaturated
with Ni and Cu, which in turn leads to the forma-
tion of a thick two-phase solidification structure, as
observed experimentally. (ii) Secondly, with the
help of the assessed data the critical Cu content of
liquid Sn-Cu solder was evaluated. With a Cu con-
tent less than about 0.4 wt.% at 250C, (Ni,Cu)3Sn4
is thermodynamically more stable than (Cu,Ni)6Sn5.
(iii) Thirdly, it was shown that the critical Cu con-
tent is not only temperature dependent but is also
strongly affected by alloying elements, such as Ag or
Bi, that do not even dissolve in the intermetallic
compounds.
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